To investigate phylogenetic relationships in the genus Cucumis, 9 consensus chloroplast simple sequence repeat (ccSSR) primer pairs (ccSSR3, 9, 11, 13, 14, 17, 20, 21, and 23) were employed for DNA fragment length variation and 5 amplified fragments, ccSSR4, 12, 13, 19, and 20, were sequenced using total DNA from 13 accessions representing 7 African Cucumis species (x = 12), 3 Cucumis melo L. (x = 12) accessions, 2 Cucumis sativus L. (x = 7) accessions, and 1 Cucumis hystrix Chakr. (x = 12) accession. A Citrullus lanatus (Thunb.) Matsum. & Nakai (x = 11) accession was used as an outgroup. While fragment length analysis revealed the existence of 3 major species clusters (i.e., a group of African Cucumis species, a group composed of C. melo accessions, and a group containing C. sativus and C. hystrix species), sequence variation analysis identified 2 major species clusters (i.e., a group of African Cucumis species and a group composed of C. melo, C. sativus, and C. hystrix species). Comparative analysis using nuclear DNA (previous studies) and cpDNA sequence substitution data resulted in the placement of C. melo and C. sativus in different cluster groupings. Thus, both nuclear and cytoplasmic DNA should be employed and compared when a putative progenitor or specimens of an ancestral Cucumis species lineage is investigated. In addition, C. ficifolius (2x) and C. aculeatus (4x) of the African Cucumis species clustered together in this study. This result does not agree with reported isozyme analyses, but does agree with previously characterized chromosome homologies between these 2 species. Although African Cucumis species and C. hystrix do not share a close relationship, genetic affinities between C. sativus and C. hystrix are considerable. Combined evidence from previously published studies and data presented herein lend support to the hypothesis that C. hystrix is either a progenitor species of C. sativus or that they at least share a common ancestral lineage.
Introduction
Economically important species of the Cucurbitaceae family include squash (Cucurbita spp.), watermelon (Citrullus lanatus (Thunb.) Matsum. & Nakai), cucumber (Cucumis sativus L.), and melon (Cucumis melo L.). After tomato (Lycopersicon esculentum Mill.) and watermelon, cucumber and melon are cultivated more broadly that any other vegetable species (www.fao.org; Pitrat et al. 1999 ). This family consists of 2 subfamilies, Zanonioideae and the Cucurbitoideae (Jeffery 1980; Kirkbride 1993) (Fig. 1) . The genus Cucumis is partitioned into 2 subgenera designated Cucumis (x = n = 7) and Melo (x = n = 12), which contain 5 crosssterile species groups (Jeffery 1980) . The subgenus Cucumis (x = n = 7) comprises 3 or 4 Sino-Himalayan species including C. sativus L., and C. hystrix Charkr. (x = n = 12). Cucumis sativus houses several botanical varieties including C. sativus var. sativus, the cultivated cucumber (hereafter referred to as C. s. var. sativus), and wild free-living C. sativus var. hardwickii (Royle) Alef. (hereafter referred to as C. s. var. hardwickii). Melo houses melon (C. melo L.), which is divided into 2 subspecies, C. melo L. subsp. agrestis (Naud.) Pangalo (wild, free-living, northern Africa) and C. melo L. subsp. melo, which is composed of horticultural groups (Cantalupensis, Inodorus, Flexuosus, Conomon, Chito/Dudaim, and Momordica) (Kirkbride 1993) .
The most likely center of origin for the genus Cucumis is Africa (i.e., wild, free-living species), but initial sites of domestication for melon and cucumber are probably the Middle East and southern Asia, respectively, where genes from exotic sources have contributed extensively to plant improvement (Dane et al. 1980; McCreight et al. 1993; Staub et al. 1999) . In contrast, the wild, free-living Cucumis hystrix Charkr. (2n = 24) is only found in the Yunnan province of southern China, and has unique genetic attributes that make its taxonomic determination complex (Chen et al. 1995 (Chen et al. , 1997a (Chen et al. , 1997b . This species has been hypothesized as a progenitor of C. sativus because of its morphological similarities and sparing cross compatibility.
African Cucumis species are of economic interest because they are a reservoir of potentially useful genes that, when introgressed into elite C. sativus and C. melo germplasm, might be beneficial for crop improvement; genes that are not present in either melon or cucumber (Fassuliotis 1967; Clark et al. 1972; Provvidenti and Robinson 1974) . Likewise, C. hystrix possesses economically important traits, such as resistance to root knot nematode (Meloidogyne incognita (Kofoid & White) Chitwood) (Chen and Lewis 2000; Chen et al. 2001) , gummy stem blight (Didymella bryoniae (Auersw.) Rehm.), and downy mildew (Pseudoperonospora cubensis (Berk. & Curt.) Rostow), as well as unique nutritional qualities and tolerance to growth under low irradiance and temperature conditions, not presently found in commercial germplasm (Chen et al. 2002) .
Gene introgression and hybrid complexes among wild, free-living species have been well documented in Cucumis (Robinson and Decker-Walters 1997; Deakin et al. 1971 ). African Cucumis species manifest different degrees of interspecific crossability (Kroon et al. 1979; Kho et al. 1980) . The horned cucumber, C. metuliferus Naud., has been suggested as the most primitive species of the genus and a possible genetic bridge between wild and cultivated species (Fassuliotis 1967; Mallick and Masui 1986) . However, attempts at interspecific hybridization of wild Cucumis species (e.g., C. metuliferus) with melon and cucumber have not been successful and (or) repeatable (Norton and Barker 1980; Fassuliotis 1977) . Moreover, recent nuclear DNA analysis does not support the putative primitive designation previously given to C. metuliferus (Garcia-Mas et al. 2004) . In contrast, a successful interspecific hybridization has recently been made between C. hystrix and C. sativus that has resulted in fertile, advance-generation, amphidiploid progeny (Chen et al. 1997a) .
Studies on the biosystematics and phylogeny of Cucumis species based on morphology, crossability, and protein analysis (Deakin et al. 1971; Staub et al. 1987 Staub et al. , 1992 have lead to an understanding of species relationships that have been largely confirmed by nuclear DNA analysis (Jobst et al. 1998; Zhuang et al. 2004) . Most recently, Garcia-Mas et al. (2004) defined phylogenetic relationships among Cucumis species using ribosomal internal transcribed spacer sequences (ITS) and microsatellite markers. Their data did not agree with some of the previously described genetic relationships obtained using isozyme and restriction fragment markers (Staub et al. 1992; Jobst et al. 1998) . Nevertheless, their description of a clear separation between C. sativus and the rest of the species in this genus, along with a separation between C. melo and the group of wild African species examined, recapitulated these earlier studies. These studies (Jobst et al. 1998; Garcia-Mas et al. 2004; Zhuang et al. 2004) , however, did not include C. hystrix, which was first reported by Kroon et al. (1979) as cross incompatible with C. melo and C. sativus. Recently, C. hystrix has been shown to have closer genetic affinities with C. sativus than with C. melo , and it has potential as a species bridge for the introgression of economically important traits into both C. melo and C. sativus (Chen et al. 1997a) .
The recent development of consensus chloroplast simple sequence repeat (ccSSR) primer pairs (Chung and Staub 2003) provides an opportunity for the elucidating further genetic relationships of several tribes within the Cucurbitaceae (Chung et al. 2003a ). We believe these primers could be useful for the dissection of wild African species and the characterization of their genetic relationship with C. hystrix, C. sativus, and C. melo by providing data from the chloroplast genome that can be compared with earlier results obtained from nuclear DNA data. For this reason, ccSSR markers were used in this study to (i) examine relationships among wild African species and (ii) determine the genetic affinities between C. hystrix and wild and cultivated Cucumis species. Comparative molecular analysis of these Cucumis species will provide a more precise understanding of their evolutionary relationships.
Materials and methods

Plant accessions
Seven wild African Cucumis species used in a previous protein-based analysis of Cucumis (Staub et al. 1992) were examined. These included C. aculeatus Cogn. (4x = 48; southeast and east Africa), C. anguria Meeuse (2x = 24; southern Africa), C. dipsaceus Ehrenb. Ex. Spach (2x = 24; southeast and east Africa), C. ficifolius A. Rich. (2x = 24; east Africa), C. myriocarpus Schweik (2x = 24; southern Africa), C. prophetarum Sond. (2x = 24; Africa and southwest Asia), and C. zeyheri Sond. (2x = 24 and 4x; southern Africa). Cucumis metuliferus was not used in this study, since its phylogenetic relationship with C. melo and C. sativus was recently established by Garcia-Mas et al. (2004) and its inclusion was not necessary to reach the present objectives. Seven accessions of other Cucumis species from China (C. hystrix; 2n = 24; Yunnan province), India (C. s. var. hardwickii; 2x = 14; Utter Pradesh), and the USA (C. s. var. sativus L.; (2x = 14); C. melo (2x = 24)) were also examined. In addition, the American watermelon Citrullus lanatus (Thunb.) Matsum. & Nakai 'Sugar Baby' (syn. C. vulgaris Schrad., Colocynthis citrullus (L.) O. Kutz.; 2x = 22) was received from Gary Elstrom (University of Florida, Gainesville, Fla.) and was employed as an outgroup (Table 1). Cucumis sativus var. sativus inbred line Gy-14, C. s. var. hardwickii PI 183967, C. melo subsp. agrestis (northern Africa, Sahara Desert; USDA 91387), and 2 C. melo subsp. melo cultivars ('Top Mark' (group Cantalupensis, USA) and USDA 91675 (group Dudaim; Asian escape from cultivation, and recovered in the southwestern USA)) were included because of their use as reference accessions in previous diversity analyses Horejsi and Staub 1999; Dijkhuizen et al. 1996) . The C. melo accessions were received from James D. McCreight (USDA, Salinas, Calif). African species were obtained from the Institute for Horticultural Plant Breeding (IVT; Wageningen, Netherlands (now CPRO-DLO, Center for Plant Breeding and Reproduction Research)), with the exception of the C. myriocarpus and C. s. var. hardwickii accessions, which were received from the North Central Plant Introduction Station (Ames, Iowa). The C. s. var. sativus line Gy-14 was resident in the USDA cucumber breeding program (Madison, Wisc.) and the C. hystrix accession used was made available from J. F. Chen (Nanjing Agricultural University, Nanjing, China).
DNA extraction
Total DNA was extracted from 3-5 seeds for each accession according to Chung et al. (2003a) with the following modifications. DNA was dissolved in distilled water after the precipitation step. Proteins were then re-precipitated and removed again by adding 1/3 volume of 5 mol/L ammonium acetate. DNAs were then re-precipitated by adding 100% ethanol and subsequently washed twice with 70% ethanol. DNA was quantified using a mini-fluorometer (model TD-360, Turner Designs, Sunnyvale, Calif.).
Amplification of Cucumis DNA using ccSSR primers
DNA fragment length variation was assessed using 9 ccSSR primer pairs (ccSSR3, 9, 11, 13, 14, 17, 20, 21 , and 23) constructed from tobacco (Nicotiana tabacum L.) chloroplast sequences according to Chung and Staub (2003) . These primers were chosen for their ability to discriminate among accessions included in this study. Although all but one of the ccSSRs (ccSSR8) are uninterrupted mononucleotide repeats among Cucurbitaceae species (Chung et al. 2003a ), we used DNA fragment length variation instead of ccSSR length variation because it is not certain that mononucleotide repeats are not interrupted until all DNA fragements are sequenced.
Length variation analyses were carried out according to the methodologies developed by Chung et al. (2003a) . Band sizes obtained from agarose gel analyses and Genescan examination of polyacrylamide gels were compared for their similarities. Amplified DNA size information from Genescan analyses that could not be matched with results from agarose gels was treated as missing data in the genetic analyses. Length variation identifies genetic differences owing to insertion-deletion (indel) of base pairs of the mononucleotide repeat, but not sequence substitutions, which can be characterized by direct sequencing.
Direct sequencing of ccSSR fragments
To investigate genetic relationships of sequence substitution polymorphisms of the taxa within Cucurbitaceae, ccSSR 4, 12, 13, 19, and 20 previously identified as useful for phylogenetic analysis in Cucumis were employed (Chung et al. 2003a ). All PCR reagents were purchased from Promega (Madison, Wisc.). Each 15 µL reaction volume contained 4.0 mmol/L MgCl 2 , 0.3 mmol/L dNTPs, 15 ng DNA, 0.45 µmol/L primer, polymerase buffer, and 0.2 U Taq DNA polymerase. Samples were over laid with mineral oil and amplifications were conducted using the following cycling profile: 94 ºC for 5 min; 40 cycles of 94 ºC for 60 s, 50 ºC for 60 s, and 72 ºC for 60 s; 72 ºC for 6 min; and an indefinite soak at 4 ºC. For direct DNA sequencing, PCR products obtained from 4 ccSSR primer pairs using accession template DNA were initially sized by agarose gel electrophoresis. The excess dNTPs and unincorporated primers were then removed from the remaining PCR products using the ExoSAP-IT TM kit (USB Company, Cleveland, Ohio) according to the manufacturer's protocol. Subsequently, 2 µL of each cleansed PCR product was added to a 3 µL sequencing reaction mixture containing 1 µL of 2.5× reaction buffer (5× in 400 mmol/L Tris (pH 9), 10 mmol/L MgCl 2 ), 0.5 of BigDye enzyme mixture (Applied Biosystems, Foster City, Calif.), 0.5 µL of forward or reverse primer (20 pmol/L), and 1 µL of water. Sequencing reactions were run on a Perkin-Elmer 9700 thermal cycler using the following cycling protocol: 50 cycles at 95 ºC for 20 s, 50 ºC for 30 s, and 60 ºC for 4 min; 72 ºC for 7 min. The dye terminators were then removed using the CleanSEQ R (Agencourt, Beverly, Mass) system, followed by sequencing of reactions. GeneTool software (BioTools Inc., Edmonton, Alta.; http://biotools.com) was used to align accession sequences for the detection of sequence polymorphisms among the accessions employed herein.
Data analysis
Analyses of fragment length variation of primed products
PCR products were scored as a function of their absolute DNA fragment size using Genescan v. 3.1 computer software (PE Applied Biosystems, Foster City, Calif.). Data were coded as 1 or 0 (presence or absence, respectively) for each fragment size. NTSYS-pc (Applied Biostatistics Inc., Setauket, N.Y.) computer software was used to calculate Jaccard's (J) coefficient (Jaccard 1908) as follows:
where a is the number of matches for presence, d is the number of matches for absence, and n is the total sample size. Jaccard's coefficient is frequently used for analysis of binary data where fragment analysis involves band presence or absence (Chung et al. 2003a) . Cluster analyses of the accessions using the unweighted pair group method with arithmetic mean (UPGMA) (Sneath and Sokal 1973) were performed using NTSYS-pc software.
Calculation of ccSSR diversity
The basepair (bp) length diversity of the ccSSRs was characterized using Nei's unbiased haplotype diversity (H) estimate (Nei 1986 ). This estimate was calculated using the formula:
where P i is frequency of ith allele and n is the sample number.
Analyses of sequence substitution variation in 5 ccSSR fragments
Substitutions in indel events were also included in the data analyses. When data concerning a putative substitution in an indel event was not available owing to a deletion, these instances were treated as missing values in the analyses. A cluster analysis of 19 accessions was performed using the UPGMA method employing a Jukes-Cantor coefficient (Weir 1989 ) data matrix. The Jukes-Cantor coefficient was used for 150 sequence substitution variations with the assumption that each sequence substitution has an equal probability of occurrence. A maximum parsimony analysis using 80 informative nucleotide substitutions was performed applying nearest neighbor interchange searching in PAUP 4.0 software (Swofford 2002 
Results
DNA fragment length variation was assessed using 9 ccSSR markers (Chung et al. 2003a ) that allowed for discrimination among the accessions examined herein (Table 2 , Fig. 2 ). All ccSSRs produced amplification products and detected fragment length polymorphisms in the 19 accessions examined. Primer pairs employing ccSSR9, 11, 13, 14, and 23 detected relatively low levels of polymorphism (H = 0.46, 0.20, 0.59, 0.55, and 0.59, respectively) in the accessions examined. In contrast, comparatively high levels of polymorphism (H = 0.70, 0.71, 0.91, and 0.72) were detected in these accessions using the remaining ccSSR3, 17, 20, and 21, respectively.
Genetic diversity based on fragment length variation
Fragment length variation comparisons of ccSSRs among Cucumis accessions allowed for their partitioning into 3 major cluster groups with regards to Citrullus lanatus (Fig. 2) . Groups 1, 2, and 3 consist of C. sativus and C. hystrix accessions, C. melo accessions, and African Cucumis species accessions, respectively. Jaccard genetic similarities within and among these groups ranged from 0.01 to 0.80 (Table 2) . Within group 1, similarity values between C. s. var. sativus and C. s. var. hardwickii were 0.80, and the value between these accessions and C. hystrix was 0.20. Likewise, values among C. melo accessions (group 2) were~0.80, but similarity values between these accessions and C. hystrix werẽ 0.13. Genetic similarity coefficient values among African Cucumis species (group 3) ranged between 0.20 (C. myriocarpus vs. 2x C. zeyheri) to 1.0 (C. ficifolius vs. C. aculeatus).
Phylogeny based on sequence substitution variation
In constrast to fragment length variation, sequence substitution variation in ccSSRs among the accessions examined allowed for their partitioning into 2 major groups (Figs. 3  and 4) . Group 1 consists of C. sativus, C. melo, and C. hystrix accessions; group 2 contains all African Cucumis species accessions. Jukes-Cantor (JC) coefficient values in group 1 indicate that C. s. var. sativus and C. s. var. hardwickii (JC = 0.01), as well as the C. melo (JC = 0.00-0.01) accessions examined, show considerable genetic affinities (Table 2) . Moreover, C. sativus and C. hystrix share more genetic affinities (JC = 0.08) than do C. melo and C. hystrix (JC = 0.10). Among African Cucumis species, C. aculeatus and C. ficifolius (JC = 0.01), C. dipsaceus and C. anguria (JC = 0.03-0.04), C. prophetarum and C. myriocarpus (JC = 0.04), and C. dipsaceus and C. zeyheri (JC = 0.01-0.03) possess considerable genetic similarities (average JC = 0.01). Distance values among C. zeyheri accessions 15-17 indicated that they are indistinct (i.e., 0). Distance analysis, however, indicates that differences do exist between C. zeyheri accession 18 and these accessions, but this value was negligible (0.003; where 0 was used in Table 2 ).
Discussion
Phylogenetic construction in Cucumis requires the synthesis of relevant data and the prudent refinement of existing hypotheses. Evidence for Cucumis species relationships has come primarily from chromosome behavior (Singh and Yadava 1984; Dane and Tsuchiya 1976) , hybridity examination (Kho et al. 1980; Kroon et al. 1979 ; den Nijs and Custers 1990), and biochemical analyses (Perl-Treves and Galun 1985; Staub et al. 1992 ). More recently, DNA markers have been applied in comparative analyses of nuclear ribosomal ITS regions and nuclear SSRs (Garcia-Mas et al. 2004 ) and chloroplast SSRs (ccSSR; this study).
Appraisal of fragment length variation (i.e., evaluation of indels) resulted in similar species groupings (Fig. 2) that, for the most part, agreed with the ITS sequence variation presented by Garcia-Mas et al. (2004) and Jobst et al. (1998) , each of whom employed neighbor-joining (NJ) analyses. The results from the analysis of ccSSR sequence data, however, showed different groupings compared with the previous ITS-based results and the results that were obtained with ccSSR length variation. Especially, ITS sequence analyses depict C. sativus distinctly separated from other Cucumis species including C. melo. In contrast, our chloroplast sequence substitution data indicate that C. melo and C. sativus form a major cluster (Figs. 3 and 4) .
Such findings (i.e., different results between length variation without verification of indel and sequence variation) are important, since the flanking regions of SSRs can contain indel events that may be combined with SSRs to determine total fragment length variation (Orti et al. 1997; Chung et al. 2003a ). This risk may be reduced when closely related species are compared (i.e., within a species) (Chung et al. 2003a ). In addition, since nuclear and mitochondrial appraisals of genetic variation can disagree (Shaw 2002) , it is important that such data be rigorously compared. The disparity between nuclear and chloroplast sequence data in this study might be explained by the fact that nuclear DNA in a population (i.e., a single cross) can be a genetic admixture, whereas chloroplast DNA in such a population of cucurbit species is, with rare exception, transmitted maternally (Chung et al. 2003b; Corriveau and Coleman 1991) . Therefore, the results presented herein suggest that the DNA materials employed for experimentation (e.g., using both nuclear and cytoplasmic DNA) should be carefully chosen when a putative progenitor or specimens of an ancestral species lineage are investigated.
Previous studies have indicated that Cucumis is a complex morphologically diverse array of often incompatible species (Kho et al. 1980; Kroon et al. 1979) . In fact, the wild, freeliving African Cucumis species complex are not as closely related as once thought (Singh and Yadava 1984; Staub et al. 1992 ). This has become increasingly apparent given species crossability (den Nijs and Custers 1990), and recent results of Garcia-Mas et al. (2004) and the data presented herein. While Garcia-Mas et al. (2004) used a broader array of Cucumis species than that used in the present study, several gross commonalities between these studies are striking. In both studies, the C. s. var. sativus accessions examined were distinct from C. melo and the African Cucumis species. Likewise, C. melo accessions were distinct from the African Genome Vol. 49, 2006 Species code and names ccSSR3, 9, 11, 13, 14, 17, 20, 21 , and 23) (above diagonal, bold) and Jukes-Cantor coefficients (Weir 1989) of sequence substitution variation (ccSSR4, 12, 13, 19, and 20) (below diagonal) among 19 species accessions of consensus chloroplast SSR (see Ta- ble 1 for species description).
Fig. 2.
Jaccard UPGMA dendrogram based on fragment length variation of 9 consensus chloroplast SSRs (ccSSRs) depicting the relationships among accessions of Cucumis species in the Cucurbitaceae. Vertical lines indicate major groupings according to the analysis. Full species names, accession numbers, and associated information are given in Table 1 . Fig. 3 . Jukes-Cantor UPGMA dendrogram based on sequence substitution variation of 5 selected consensus chloroplast SSRs (ccSSRs) depicting the relationships among accessions of Cucumis species in the Cucurbitaceae. Vertical lines indicate major groupings according to the analysis. Full species names, accession numbers, and associated information are given in Table 1. species, indicating that these 2 Cucumis subgenera do not share relatively close genetic affinities, but rather that C. melo and the African species possess genetic commonalities. The evidence for the relative recent introgression of C. s. var. hardwickii genes into some C. s. var. sativus landraces in northern India was supported by the data presented herein (Figs. 2-4) , and its RFLP-based genetic distances (Dijkhuizen et al. 1996) . In contrast, embryos have been recovered from C. sativus and C. melo matings, but these consistently aborted at an early stage, indicating the broad extent of their evolutionary divergence (Bates and Robinson 1995) . Yet the fact that both species share 2 chloroplast DNA mutations is suggestive that they also share a common ancestor . The relatively close genetic relationships among C. dipsaceus, C. prophetarum, and 2x and 4x C. zeyheri defined by species hybridization studies (van Raamsdonk et al. 1989) were detected in the present study (Figs. 2-4) . Nevertheless, several of the genetic relationships observed in previous isozyme analyses of African Cucumis species (Staub et al. 1987 (Staub et al. , 1992 were not observed by either Garcia-Mas et al. (2004) or in this study. For example, C. prophetarum possessed considerable ioszymebased genetic affinities with C. anguria and C. zeyheri, as did C. zeyheri and C. anguria (Staub et al. 1992 ), which were not detected using ITS and nuclear SSR (Garcia-Mas et al. 2004) or ccSSR marker loci (this study). In contrast, the genetic affinities between C. prophetarum and C. ficifolius were detected by isozyme, ITS, and nuclear SSR. It is probable that C. aculeatus is closely related to C. prophetarum, which is possibly in the ancestry of C. aculeatus (i.e., in either an allo-or auto-polyploid state).
The ccSSR analyses detailed herein indicate that C. ficifolius (2x; perennial) and C. aculeatus (4x; southeast and east Africa; perennial) of the African Cucumis species have considerable genetic affinities (Figs. 2-4 ). This result does not agree with previous isozyme analyses (Staub et al. 1992) , but does agree with previously characterized chromosome homologies (< 11 bivalents and pollen fertility < 54%) reported between these 2 species (van Raamsdonk et al. 1989 ). Cross-compatibility among these and other species Fig. 4 . The bootstrap consensus tree (strict at 50%) based on 80 informative sequence substitution variations of 5 selected consensus chloroplast SSRs (ccSSRs) depicting the relationships among accessions of Cucumis species in the Cucurbitaceae using parsimony analysis with Citrullus as an outgroup. Vertical lines indicate major groupings according to the analysis. Numbers below branches are bootstrap percentages. Full species names, accession numbers, and associated information are given in Table 1. allows for closer inspection of these putative genetic similarities. Both C. ficifolius and C. aculeatus possess varying degrees of cross-compatiblity (< 11 bivalents and pollen fertility < 54% to F 1 seed sterile) with C. dipsaceus (annual), C. figarei (4x and 6x; southeast and east Africa; perennial), and 2x C. zeyheri (perennial). While C. aculeatus is sparingly cross fertile (F 1 seed sterile) with C. leptodermis (southern Africa) and C. myriocarpus (southern Africa), C. ficifolius is cross infertile with these species. In contrast, C. ficifolius is sparingly cross fertile with C. africanus (F 1 seed sterile), whereas C. aculeatus is cross incompatible with this species. The observed incompatibility between C. aculeatus and other African Cucumis species is likely due to differences in ploidy levels.
In 1995, a successful interspecific hybridization was accomplished between C. hystrix and C. s. var. sativus (Chen et al. 1997a ; long-fruited Chinese glasshouse market type). The cross was attempted based on their genetic relationship as revealed by isozyme (Chen et al. 1995; Chen et al. 1997b) and RAPD and SSR (Zhuang et al. 2004) analyses. Since the initial F 1 hybrids (2n = 19) were both male and female sterile (12 and 7 chromosomes contributed by C. hystrix (H) and C. s. var. sativus (C), respectively), chromosome doubling experiments were conducted that resulted in the development of fully fertile 2n = 38 progeny (Chen and Staub 1997; Chen et al. 1998; Chen et al. 2003a ). This amphidiploid (HHCC, 2n = 4x = 38) was designated a new synthetic species (C. hystivus Chen), which has been self pollinated to produce viable seeds (Chen and Kirkbride 2000; Chen et al. 2003a) . Recently, hybridization experiments have produced allotriploids (3x = 26; genome designated as HCC) from amphidiploid × diploid (C. s. var. sativus) matings, as well as diploid derivatives (2n = 14) that are themselves cross compatible with C. s. var. sativus (Chen et al. 2004b; ChunTao et al. 2005) . The amphidiploid and its allotriploid and diploid derivative provide a species bridge in Cucumis, and thus a source for broadening the genetic base of C. s. var. sativus, and perhaps C. melo (Chen et al. 2003b; Chun-Tao et al. 2005) .
Chromosome differences among C. s. var. sativus, C. hystrix, and C. melo as characterized by physical mapping of 45S rRNA genes employing fluorescence in situ hybridization indicate that considerable phylogenetic distance exists between C. s. var. sativus and C. melo . Evidence for such evolutionary isolation was supported by the results of Garcia-Mas et al. (2004) , and data presented herein. Although remarkable genetic similarities between these 2 species with regards to relative number of rDNA loci were not observed , ccSSR fragment length and sequence variation presented herein indicate that they probably share an ancestry with each other that is not shared with the African species.
Two contrasting hypotheses regarding the origin of C. s. var. sativus and C. melo have been proffered: fragmentation of x = 7 to form x = 12 (Bhaduri and Bose 1947) and fusion of x = 12 to form x = 7 (Trivedi and Roy 1970) . Given that (i) these species have been under reproductive and evolutionary isolation for a considerable time (Garcia-Mas et al. 2004 ; data presented herein), (ii) in constrast to C. melo, the phylogenetic relationship between C. hystix and C. sativus is substantial (Figs. 3, 4) , and (iii) fertile amphidiploids have been synthesized between C. hystix and C. sativus (Chen et al. 1997a; Chen et al. 2002) , it seems reasonable to hypothesize that these 2 species share a common ancestry. Furthermore, the development of the fully fertile C. hystivus (2n = 38; HHCC), partially fertile allotriploids (2n = 26; HCC), fertile diploids (2n = 14; CC), and partially fertile monosomics (2n = 15; CC + 1H) indicates that chromosome reduction can occur through inbreeding and chromosome number selection in this genus (Chen et al. 2004b; Chun-Tao et al. 2005) . These facts, together with the data presented herein (i.e., lack of genetic affinity between C. hystrix and the C. melo and African species examined), lend support to the hypothesis that C. hystrix is a progenitor species of C. sativus, or that they at least share a common ancestral lineage. This hypothesis is testable through more intensive sequence analysis, and comparative physical mapping and synteny analysis.
